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Abstract

There is evidence that boron has a physiological role in animals and humans, but the search for boron binding biomolecules has been
difficult because useful radioactive boron isotopes do not exist. To overcome this limitation we used capillary electrophoresis to identify
and quantify boron binding to biomolecules by detecting the negative charge boron imparts to ligands. The effect of molecular structure
and proximal electronic charges of adenosine and molecules with adenosine moieties including S-adenosylmethionine (SAM) and
diadenosine polyphosphates (Ap,A) were compared. The boron affinity of the test species varied with the rank order SAM-
= ApsA=ApsA > ApsA > Ap;A=NAD™ > Ap,A > NADH=5'ATP > 5’ADP > 5’ AMP > adenosine > 3’ AMP=2"AMP =cAMP =
adenine. Test species with vicinal cis-diols bound boron; species without those moieties did not. Boron binding affinity increased when
proximal cationic moieties were present. Anionic moieties remote from the cis-hydroxyl binding site also positively influenced boron binding
affinity. In the Ap,A species, cooperative complexing of boron between the terminal ribose moieties apparently occurred. In these species
boron affinity greater than expected for two monocomplexes was observed and binding affinities increased as more phosphate groups
(beyond three) were present separating the terminal moieties. Our results indicate that ApsA, ApsA, ApsA, ApsA, and SAM have higher

affinities for boron than any other currently recognized boron ligand present in animal tissues including NAD*. © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Boron is an essential element for plants [1,2] and phys-
iologic boron concentrations are needed to support meta-
bolic processes in animals [3—11]. Embryological develop-
ment in fish [3] and frogs [4] does not proceed normally in
the absence of extracellular boron and there is evidence
that chicks [5], rats [6,7], pigs [8], and humans [9-12] re-
quire physiological amounts of boron to support normal
biologic functions.

Boron is an integral component of certain natural anti-
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biotics [13-15] and forms stable boroesters with plant bio-
molecules such as rhamnogalacturonan-II [16]. The role of
boron in these molecules is essential; in its absence these
molecules no longer perform their normal physiologic
functions [13-16]. That so few biomolecules that require
boron for metabolic activity have been identified probably
reflects the unique nature of boron radiochemistry and
biochemistry. With radioactive half-lives of less than 1 s,
traceable boron isotopes cannot be used to label boron
binding ligands. Without radioisotopes, detection and
identification of boron dependent biomolecules with re-
versible physiologic interactions are predicted to be very
difficult because boron is likely to be dissociated during
isolation and purification. The discovery, purification, and
identification of the currently recognized boron dependent
biomolecules was achieved because the bound boron
formed four coordinate covalent bonds with the ligand,
creating a thermodynamically stable complex that is al-
most undissociable in water [17]. However, many boron
interactions with biological ligands are rapidly reversible
[18-20] and difficult to detect with current techniques.

0304-4165/01/% — see front matter © 2001 Elsevier Science B.V. All rights reserved.
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Biomolecules possessing vicinal cis-diols or proximal hy-
droxyls in the correct orientations form boroesters with
association constants that vary from weak to highly stable
[17,21,22]. With a pK, in solution of 9.2, boron is predom-
inantly in the uncharged, planar, trigonal boric acid form
(H3BO3) at physiological pH. However, when boron
forms covalent bonds with biological ligands, its pK, is
reduced to =6 [23], and the majority of the boron in li-
gand complexes are in the tetrahedral negatively charged
borate (H4BO;) form while occupying the binding site
[24,25]. Detecting and quantifying the formation of these
boroesters requires sensitive instrumentation, especially if
the association is weak.

Capillary electrophoresis (CE) is an exquisitely sensitive
technique that is able to distinguish minute differences in
mass or charge among molecular species. In CE, all ions
are carried towards the anode at rates determined by their
molecular charge and hydrodynamic diameter. Positively
charged molecules pass through the capillary faster than
neutral molecules while the migration times of negatively
charged species increase in proportion to their anionic
charge. CE is uniquely suited to assess the affinity of li-
gands for boron because the negative charge contributed
to the ligand by borate while it is in residence retards
molecular migration through the capillary [26-28]. The
boron binding affinity of ligands can be compared by mea-
suring the proportional increases in their relative migra-
tion times in the presence of boron at increasing concen-
trations.

The cis-diols on the ribose moiety of numerous nucleo-
tides bind to boron [26,28] as well as immobilized boro-
nates [29-31]. With a K4 of 15 mM, nicotinamide adeno-
sine dinucleotide (NAD™) [32] has the highest boron
binding affinity presently recognized among biomolecules
naturally occurring in animals. Although NAD™ and re-
duced nicotinamide adenosine dinucleotide (NADH) both
possess two ribose moieties, boron binding to the ribose
adjacent to the NAD™ nicotinamide is thought to be ac-
centuated because of the cationic charge present [32].
Structurally similar to NAD' and NADH, the diadeno-
sine phosphates (Ap,A) possess two adenosine moieties
linked by 2-6 phosphates and also bind boron [33].

Present in all cells with active protein synthesis, Ap,A
molecules function as signal nucleotides associated with
platelet aggregation and neuronal response. The Ap,A
are putative ‘alarmones’ which reportedly regulate cell
proliferation, stress response, and DNA repair [34-36].
The potential physiologic effects of boron interactions
with Ap,A have not been examined; however, their sim-
ilarities to NAD' and NADH suggest boron binding by
these molecules may be significant. At physiologic pH, the
adenine moieties of Ap,A are driven together by hydro-
phobic forces and stack interfacially [37,38]. Stacking of
the terminal adenine moieties brings their adjacent ribose
moieties into close proximity, a phenomenon that may
potentiate cooperative boron binding between the opposed

riboses. If such dicomplex chelates form, boron binding
with diadenosine nucleotides may have higher binding af-
finities than monoadenosine nucleotides. Therefore, the
effects of boron on the migration of the five naturally
occurring forms of Ap,A in which the ribose moieties
are separated by 2-6 phosphates were compared.

S-Adenosylmethionine (SAM) is the predominant meth-
yl donor in biological methylations and is a versatile co-
factor in a variety of physiologic processes [39,40]. It is
formed when ATP donates its adenosyl group to the sulfur
of methionine, resulting in a cationic sulfonium at the 5'-
carbon of the ribose. The proximity of this cationic group
may stabilize the negatively charged borate in its ribose
binding site. Furthermore the terminal cationic amine and
free carboxylate on methionine may further stabilize bo-
ron in the SAM monocomplex.

The ribose present on adenosine and adenosine species
phosphorylated on the 5'-carbon (adenosine 5’-mono-
phosphate (5’AMP), adenosine 5’-diphosphate (5'ADP),
adenosine 5'-triphosphate (5'ATP)) enable these species
to bind boron; however, boron complexes with these
monoadenosine species should be less stable than com-
plexes of boron with SAM, Ap,A or NADT and
NADH. Meanwhile the lack of ribose on adenine and
the absence of an intact ribose binding site on adenosine
species phosphorylated on the 2’- or 3’-carbon (adenosine
2'-monophosphate (2’AMP), adenosine 3’-monophos-
phate (3’AMP)) make these species suitable negative con-
trols.

Boron interactivity with cis-diols has been exploited as a
means of enhancing chromatographic separations in vari-
ous methods including CE [26-28]. However, these inter-
actions have not been utilized to find boron binding bio-
molecules. Therefore, we developed a CE method that
used these interactions to detect boron binding by biolog-
ical ligands that are structurally related (Fig. 1). To exam-
ine the influence of local charge on boron binding poten-
tial, the positive, neutral, or negative charge present on
these molecules was exploited. The presence of one or
two ribose moieties on these molecules was used to exam-
ine the characteristics of monocomplex boron binding and
unimolecular dicomplex boron binding.

2. Materials and methods
2.1. Materials

Analytical grade adenine (ADN), adenosine (ADS),
SAM, 2’AMP, 3’ AMP, 5'AMP, 5'ADP, 5'ATP, diadeno-
sine pyrophosphate (Ap,A), diadenosine triphosphate
(Ap;A), diadenosine tetraphosphate (ApsA), periodate
treated diadenosine tetraphosphate (ApsA-per), diadeno-
sine pentaphosphate (ApsA), diadenosine hexaphosphate
(ApsA), NAD*, NADH, dimethylformamide (DMF), and
analytical grade glycyl-glycine were purchased from Sigma
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Fig. 1. Molecular structures of the test species.

Chemicals (St. Louis, MO). Ultra-pure ortho-boric acid
was obtained from Johnson Matthey (Ward Hill, MA).

2.2. Preparation of samples and buffers

Stock samples of each analyte species were prepared at
a concentration of 10 mM in 20 mM glycyl-glycine buffer
and stored frozen until needed. Samples of these analyte
species were either combined or individually diluted for
use at a concentration of 1 mM. Boric acid prepared at
250 mM, and analytical grade glycyl-glycine prepared at
200 mM in 18 MQ-cm water was adjusted to pH 8.4 with
NaOH to attain equivalent final osmolarities. The glycyl-
glycine buffer solution was passed through a 50 ml col-
umn of Amberlite (Sigma) to remove any contaminating
boron. Analytical running buffers with boron concentra-
tions 0.0, 0.1, 0.3, 1.0, 3.0, 10.0, and 30 mM were prepar-
ed by mixing graduated amounts of buffer and borate
solutions.

2.3. Instrumentation

Capillary electrophoresis instrumentation consisted of a
Beckman MDQ system (Palo Alto, CA) equipped with a
photodiode array detector. The system was controlled by
P/ACE System MDQ software. The uncoated fused silica
CE columns (50 um i.d., 375 um o.d., 50 cm length to the
detector, total length 60 cm; total volume in the capillary
1178 nl; volume to the window, 982 nl; Polymicro Tech-
nologies, Phoenix, AZ) were housed in a cartridge with a
detection window of 100 X 800 um. The capillary was con-
ditioned prior to its first use by rinsing with 0.1 M NaOH
for 20 min, then with 18 MQ-cm water for 5 min.

2.4. Chromatography of analyte species

Analysis samples were diluted in 20 mM glycyl-glycine
buffer solutions and run either alone or together with oth-
er experimental species along with DMF as a marker stan-
dard for comparison of the effects of various concentra-
tions of boron in the running buffer. Analyte migrations in
buffer solutions containing no boron were run before and
after each boron concentration series. Running buffers (1.0
ml) in the cathode and anode vials were applied for anal-
ysis of migration times at each boron concentration exam-
ined. Sample solutions (1.0 mM) of each experimental
species were prepared in 20 mM glycine buffer. Related
monoadenosine species lacking one or the other of the cis-
hydroxyls served as negative controls (Fig. 1). The nega-
tive control for diadenosine species was periodate treated
ApsA (ApsA-P) in which the hydroxyls remain intact and
available but their cis configuration has been disrupted
(Fig. 1).

Samples of test species were injected into the capillary
by applying positive pressure at 5 psi to the sample for 5 s,
thus introducing a calculated 5.5 nl sample that contained
approx. 5.5 pmole of test species in each analysis run.
Sample separation by capillary electrophoresis was run
for 15 min at 25 kV. The migration times of the species
were determined by diode array monitoring total UV ab-
sorption in the range of 230-270 nm. The effect of boron
on the migration time of each molecular species was tested
individually and was observed to be identical to the effect
observed when multiple species were tested in a single
sample. Analyses of test species migration times were per-
formed in separate experiments and the observed migra-
tion times were averaged to calculate the reported values.
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Table 1

Relative migration times® of test species during capillary electrophoresis

23

Monoadenosine species

SAM ADS 5'AMP 5’ADP 5'ATP
Charge +0.8 neutral -2 =3 —4

0.929%0.001° 1.015£0.001 2.236+0.134 2.924+0.274 3.321+£0.371
n 7 7 7 7 7

Dinucleotide species

NAD* NADH
Charge -1 -2

1.303£0.017 1.783 £0.045
n 10 10

Diadenosine species

Ap A ApsA ApsA ApsA ApsA
Charge -2 -3 —4 -5 —6

1.811£0.048 2.283+£0.096 2.520£0.125 2.630£0.140 2.690£0.148
n 10 10 10 10 10

Control species

ADN cAMP 2’ AMP 3’AMP ApsA-P
Charge neutral -1 -2 -2 —4

1.035£0.010 1.627 £0.048 2.424+0.173 2.429+0.167 3.006 £0.023
n 7 7 7 7 4

4The migration times of these test species were divided by the migration time of the neutral standard DMF to yield the relative migration time (Ap7)

for the species.

®Data shown are means = S.D. of ‘n’ independent analytical determinations.

Each sample analysis run included DMF as the neutral
standard that traversed the capillary at the electroosmotic
front. Capillary surfaces were reequilibrated between runs
with a rinse (0.5 min, all rinses at 20 psi) of 0.1 M NaOH
followed by a rinse (0.5 min) with 18 MQ-cm water and a
final rinse (2 min) with the next running buffer to be used.

2.5. Calculations

The relative migration time (W7) of each analyte was
calculated by dividing the migration time of the sample
species by the migration time of the neutral standard.
The change in relative migration time (Au7) induced by
boron in the running buffer was calculated by dividing u7"
in the presence of boron by the w7 for that analyte with-
out boron.

The percentage of ligand-boron complex formation
(%L-B) was calculated by determining the unit charge ef-
fect observed for each species in the presence of boron:

(AWT m)/[(WT species n+ 1)/(uT n)] (1)

One unit of negative charge (corresponding to 100% boron
saturation) was assumed to be present in association with
species n when the AuT for that species is equal to (U7’
species n+1)/(uT species n), e.g., when AuUT 5’ADP=(uT
S'ATP)/(WT 5'ADP). The pK, on the terminal amine of
SAM is 9.27, thus at pH 8.4 a positive charge is present on
86.5% of SAM molecules. The calculations performed to
determine boron binding by SAM account for this partial
charge. The pK, of the amine may shift while proximal to
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Fig. 2. High performance capillary electrophoresis separation of test spe-
cies in borate free 200 mM glycyl-glycine buffer at pH 8.4. (A) Mono-
adenosines; (B) NADT/NADH, diadenosine polyphosphate species.
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Fig. 3. Effect of molecular charge on migration time. The formal charges of the test species are plotted in relation to their migration time in capillary
electrophoresis. The effect of charge on molecular u7 follows the three parameter logistic model estimated using the nonlinear regression y=o/
[1+exp(B—7x)]. Regressions for monoadenosines and diadenosines were calculated independently for each data set. The asterisk denotes the mean value
for the calculated u7" of a monoadenosine species with five anionic charges: 4.642; the double asterisk denotes the mean value for the calculated u7" of
a diadenosine species with seven anionic charges: 3.315.

the anionic borate, but the magnitude of this effect was 3. Results
not examined.

The T values of a monoadenosine with five anionic 3.1. Migration behavior of test species
charges (U7 species n+1 for ATP) and the u7 of a diade-
nosine species with seven anionic charges (L7 species n+1 Migration times of each tested species run singularly did
for ApsA) were estimated by extrapolation of the equa- not change in the presence of other test species. Therefore,
tions that described the respective influences of charge on to directly compare sample migration times and the effect
monoadenosine and diadenosine species. The migration of of boron on migration times, the test species were run in
both classes of molecules followed similar three parameter groups. Electropherograms of the UV absorption of the
logistic models for nonlinear regressions: test species after separation by capillary electrophoresis in

y=a/[l +exp(f—yx)] 2) the absence of added boron are presented in Fig. 2.

where o is the upper asymptote, and B and vy are first order 3.2. Monoadenosine uT, AuT, and %L-B
rate constants.

Boron concentration at 100% saturation for each mo- With a formal charge of +0.865 at pH 8.4, SAM mi-
lecular species was calculated by applying the Michaelis- grated faster than the neutral standard and thus had a u7
Menten model to plotting the relationship between % sat- of less than one (Table 1, Figs. 2 and 3). Uncharged ADS
uration and mM boron concentration or applying a linear and ADN migrated immediately after the neutral stan-
model when that method yielded an improved correlation. dard, with w7 values only slightly greater than one.
K.q was calculated as the boron concentration at 1/2 the With a formal charge of —1, the w7 of cCAMP was inter-
saturation value. mediate between uncharged ADS and 5'AMP (formal
Table 2
Predicted change in migration time* (An7) with one additional unit of negative charge
SAMP ADS 5S’AMP 5’ADP 5'ATP® NAD
1.151£0.038 1.596 £ 0.045 1.298 £0.041 1.131£0.020 1.048 £0.031 2.588£0.078
NADH Ap>A ApsA ApsA ApsA ApeA°©
1.637£0.032 1.580£0.024 1.184£0.009 1.072£0.004 1.037£0.002 1.014£0.002

2The change in molecular migration time predicted for each test species at boron saturation (when one additional unit of negative charge will have
been acquired) is equal to (U7 species n+1)/(UT species n), e.g., when AUT 5’ADP = (uT 5'ATP)/(uT 5'ADP). The data shown are means* S.D. of » in-
dependent determinations (Table 1) individually applied to the data (Table 3) to yield the results in Table 4.

"The pK, of the terminal amine of SAM is 9.27, thus at pH 8.4 there is a positive charge on 86.5% of the SAM molecules; the AuT for SAM at 100%
boron saturation reflects this consideration.

¢The AuT at 100% boron saturation for ATP and ApsA were calculated by applying the regression equation for each series and thereby extrapolating
the U7 of the next higher member in each series.
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Table 3
Boron dependent change in relative migration times® (Au7) of selected molecular species”
Boron (mM) Monoadenosines
SAM ADS 5'AMP 5'ADP 5'ATP
0.000 1.000 = 0.000 1.000 £ 0.000 1.000 £ 0.000 1.000 £ 0.000 1.000 £ 0.000
0.100 1.002 £0.002 0.995+0.007 1.000 +0.001 1.002 £ 0.004 1.004 +0.008
0.300 1.011 £0.003 0.996 +0.009 0.999 +0.001 1.003 £0.005 1.006 £0.010
1.000 1.039£0.033 1.009 £0.022 1.007 £0.001 1.010 £0.007 1.014£0.012
3.000 1.066 £ 0.032 1.029 £0.023 1.027 £0.003 1.019£0.010 1.018 £0.014
10.000 1.190 £0.042 1.111 £0.007 1.086£0.011 1.050 £0.022 1.033£0.018
30.000 1.367 £0.029 1.255£0.030 1.156 £0.029 1.104 £0.026 1.062 £0.020
Dinucleotides
NAD* NADH
0.000 1.000 £ 0.000 1.000 £ 0.000
0.100 0.999 +£0.022 1.004 £0.008
0.300 1.029 £ 0.005 1.010 £0.007
1.000 1.183£0.035 1.021 £0.007
3.000 1.404 £0.034 1.074£0.016
10.000 1.908 £0.049 1.207£0.018
30.000 2.612+0.049 1.458 £0.027
Diadenosines
Ap>A ApsA ApsA ApsA ApeA
0.000 1.000 £ 0.000 1.000 £+ 0.000 1.000 £ 0.000 1.000 £ 0.000 1.000 £+ 0.000
0.100 1.002 £0.002 1.000 £0.001 0.999 £0.001 0.999 £0.002 0.999 +0.002
0.300 1.007 £0.002 1.002 £0.000 1.001 £0.001 1.001 £0.001 1.000 £0.001
1.000 1.024 £0.002 1.008 £0.001 1.005+0.001 1.003 +£0.001 1.002 £ 0.001
3.000 1.073 £0.008 1.033+0.023 1.016 +£0.003 1.009 +0.004 1.006 +0.005
10.000 1.217£0.012 1.083 £0.005 1.055%0.003 1.036 £0.003 1.027 £0.004
30.000 1.499 +£0.022 1.195+0.038 1.126 £ 0.005 1.080 £ 0.004 1.062 +0.005
Controls
ADN cAMP 2'AMP 3’AMP ApsA-P
0.000 1.000 £ 0.000 1.000 £ 0.000 1.000 £ 0.000 1.000 £ 0.000 1.000 £ 0.000
0.100 0.990£0.013 0.996 +0.004 1.000 £ 0.002 1.000 +0.001 0.992 +0.000
0.300 0.988 £0.016 0.995£0.005 1.000 £ 0.009 1.000 £ 0.000 0.992£0.001
1.000 0.984+0.019 0.992 £0.007 1.000 £ 0.003 1.000 £ 0.000 0.996 +0.003
3.000 0.987 £0.021 0.993 +£0.008 1.000 £ 0.004 1.000 = 0.000 0.998 +0.002
10.000 0.987 £0.025 0.989£0.013 1.000 £ 0.005 0.999 £0.003 1.004 £0.004
30.000 0.990£0.015 0.996 +0.005 1.000 £ 0.005 1.000 £ 0.003 1.004 £0.004

4Test species at 1.0 mM were electrophoretically separated at 28 kV in the capillary column in the presence of boron at the indicated concentrations.

YThe change in relative migration time (AuT) of each analyte was calculated by dividing the average migration time of the sample species by the migra-
tion time of the species in the boron buffer indicated by its relative migration time in the presence of 0 boron. Data shown are means+S.D. from n="7

independent analytical determinations for the monoadenosines, n=10 for the diadenosines.

charge of —2). For 5’ADP and 5'ATP, each additional
phosphate contributed a further unit of negative charge
to the molecule that caused an incremental increase in
migration times (Table 1 and Fig. 3).

Because hydrodynamic friction increases in proportion
to species migration during electrophoresis, the Au7 values
predicted for test species possessing each additional unit of
negative charge decreased in inverse proportion to their
net anionic charges (Table 2). The migration times of
the monoadenosine test species in relation to their formal
charges followed the three parameter logistic model esti-
mated by using the nonlinear regression equation y=o/
[1+exp(B—7x)], where o is the upper asymptote and [
and vy are first order rate constants. The predicted AuT
value for 5’ATP with one additional negative charge was

calculated by extrapolating the monoadenosine regression
equation to include a species with five anionic charges. A
monoadenosine with five anionic charges was predicted to
have a uT of 3.417 (Table 2 and Fig. 3).

The rank order of boron dependent AUT among the
monoadenosine species was SAM>ADS>5"AMP >
5'ADP > 5'ATP>2'AMP=3'AMP=cAMP=ADN. When
the AUT for these species (Table 3) was calculated relative
to the predicted migration times at boron saturation
(Table 2) the %L-B rank order was SAM>>5'ATP >
5’ADP=5'"AMP > ADS>2'AMP=3'AMP=cAMP =
ADN (Table 4 and Fig. 4).

For SAM, increases in boron concentrations in the run-
ning buffers caused marked increases in the SAM u7T (Ta-
ble 3) consistent with a high boron binding affinity (Table
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Table 4
Percent boron binding (%L-B) by mono- and dinucleotide ligands

Boron (mM) Monoadenosines

SAM ADS 5'AMP 5'ADP 5'ATP
0.0 0+0% 0+0% 0+0% 0+0% 0+0%
0.1 2+1% —1x1% 0£0% 1£3% 3+11%
0.3 7+£2% —0x1% 0£0% 213% 3+10%
1.0 28 +£22% 3+4% 210% 6x4% 16 £ 10%
3.0 46+ 19% 614% 61£0% 13+5% 22+6%
10.0 128 = 55% 19£2% 20%2% 36 11% 4719%
30.0 237+ 71% 42 +3% 51£3% 75£9% 96+ 13%
Dinucleotides
NAD* NADH
0.0 0+0% 0X0%
0.1 —0x1% 1£1%
0.3 2+0% 211%
1.0 11£2% 3£ 1%
3.0 26+ 3% 12+3%
10.0 58+3% 33+£3%
30.0 102 +4% 72%2%
Diadenosines
Ap A ApsA ApsA ApsA ApsA
0.0 0£0% 0£0% 0£0% 0£0% 0£0%
0.1 0£0% —0£1% —1£2% —3+4% —5+x7%
0.3 1£0% 1£0% 1£1% 2+4% 1£6%
1.0 3+0% 4%0% 8+ 1% 10+4% 11+6%
3.0 11£2% 18+ 11% 22+5% 25+ 14% 23£26%
10.0 31£2% 45+2% 75£7% 97£17% 115+30%
30.0 T1£1% 113+4% 174 +13% 220+ 27% 269 +42%

These test species were run at a 1 mM concentration in the capillary column in the presence of boron at the concentrations indicated. The accumulation
of additional anionic charge originating from bound borate increased the relative migration times as detailed in Table 3. Dividing the values in Table 3
by the predicted change in migration time for each molecular species when one full unit of anionic charge was present (Au7 at 100% boron saturation,
Table 2), the % boron saturation (%L-B) of each molecular species was determined as indicated above.

4). Boron saturation occurred at approx. 7.0 mM boron
(Keq =3.5 mM boron), and at still higher boron concen-
trations the electrophoretic migration of SAM was re-
tarded further.

Boron binding by the other monoadenosine species was
far less marked. Polyborates form in solution at concen-
trations higher than 30 mM, thus boron binding studies
cannot be studied above this limit. At 30 mM, the highest
boron concentration tested, the %L-B for ADS, 5’AMP,
5’ADP, and 5'ATP were 42, 51, 77, and 96%, respectively;
the saturating boron concentrations for these species were
69.9, 58.1, 46.6, and 31.6 mM. Thus their apparent K
values were 34.9, 29.0, 23.3, and 15.8 mM. Boron inter-
action with the negative controls, 2’AMP, 3’ AMP, cAMP
and ADN, was negligible at all concentrations and their
%L-B was consistently near zero.

3.3. NAD* and NADH uT, AuT, and %L-B

With two anionic phosphate charges and a single cat-
ionic charge on the nicotinamide moiety, NAD™ has a net
formal charge of —1 and a uT that is proportionally less
than NADH with a formal charge of —2 (Table 1 and

Figs. 2 and 3). The uT of NADH is very similar to that
of Ap»A, a molecule that has the same formal charge and
a similar mass (see below).

The predicted changes in migration times with one addi-
tional unit of negative charge on NAD™ and NADH are
shown in Table 2. The AUT of NAD™ in the presence of
increasing boron concentrations was greater than the Au7T
for NADH throughout all boron concentrations measured
(Table 3). At a NADH:boron ratio of 1:30 (1 mM
NADH:30 mM boron), the NADH was =75% boron
saturated, achieving 100% saturation at 52.8 mM boron,
thus it has a calculated K4 of 26.4 mM. In comparison, the
boron dependent change in migration times of NAD™ in-
dicates approx. 100% boron saturation in the presence of
28.8 mM boron for a calculated Kq of 14.4 mM.

3.4. Diadenosine polyphosphates uT, AuT, and %L-B

Similar to the monoadenosines, the u7" of Ap,A species
were proportional to the anionic charges present on the
molecule (Table 1 and Figs. 2 and 3). The formal charge
present on Ap,A is —2 and the incremental increases in
the w7 through the Ap,A series reflects the progressive
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Fig. 4. Boron dependent unit charge effect on nucleotide migration in
the presence of graduated boron concentrations. The unit charge contri-
bution arising from boron complex formation (W7 n+1)—(uUT n)/(UWT
n+1)) in the presence of boron divided by pu7 in boron free buffer
(AuT) are shown for each test species. Depicted are the effects of boron
on monoadenosine species (A), NAD", NADH, and the diadenosine
polyphosphate species (B).

increases in anionic charge contributed by each additional
phosphate. The predicted change in migration times with
each additional unit of negative charge present in associ-
ation with these species differed inversely to their net
anionic charges as shown in Table 2. The migration times
for all diadenosine phosphates increased as boron concen-
trations were increased in the running buffer (Table 3).
Just as for the monoadenosines, the effect of charge on
the u7 of species in the dinucleotide series followed the
nonlinear regression equation y=o/[l+exp(B—yx)]. Be-
cause no diadenosines with seven phosphates (—7 formal
charge) were available for assay, the value for the AuT of
ApsA upon boron saturation was calculated using the
predicted migration time for Ap;A (2.760) extrapolated
from the nonlinear logistic model for diadenosines (Fig.
3 and Table 2). Meanwhile, the u7 of the negative control,
periodate treated ApsA, was unaffected by the presence of
boron in the running buffers (Table 3).

Boron binding was observed to progressively increase
for Ap,A through ApgA. Boron saturation for Ap,A,
ApsA, ApsA, ApsA, and ApgA occurred at 41.3, 26.0,
16.6, 13.0 and 10.8 mM respectively for calculated Kq
values of 20.6, 13.0, 8.3, 6.5, and 5.4 mM.

4. Discussion

4.1. Boroester detection by CE and mechanisms of boron
binding

This work represents the first quantitative assay of bo-
ron binding by discrete molecular entities present in a
panel of binding and non-binding biomolecules. Without
radioactive boron isotopes to label boron binding biomol-
ecules, these ligands and the complexes they form with
boron have been difficult to detect and identify in biolog-
ical samples. To overcome this limitation, a CE method
was developed and used to examine the binding interac-
tion between boron and various molecular species. Be-
cause the electrophoretic migration of a molecule is pri-
marily determined by its electronic charge [41], formation
of boroesters can be quantitatively detected by monitoring
the influence of negatively charged borate on the migra-
tion of boron binding biomolecules in CE.

At physiological pH, >98% of boron in aqueous solu-
tion is in the uncharged and planar boric acid form (ap-
prox. 88% at pH 8.4). Boric acid acts as a Lewis acid,
accepting hydroxyl oxygens and thus leaving an excess
of protons. Boron binding is initiated when a hydroxyl
oxygen present on the ligand releases its proton and ap-
proaches a planar boric acid to acquire its available pair of
dative electrons and form a covalent bond. The complexed
boron becomes a negatively charged tetrahedral borate.
The tetrahedral borate can subsequently release the ester
oxygen forming the link with the ligand or one of its
hydroxyl oxygens. If a hydroxyl is released, the boron
assumes the neutral and planar boric acid form once
more and is available for the approach of another ligand
hydroxyl to form a second boroester linkage [21]. A boron
bound to a ligand through two covalent bonds is termed a
monocomplex. When additional proximal hydroxyls with
proper orientation are present, this process can be re-
peated until up to four boroester linkages with the ligand
have formed and the assemblage is termed a dicomplex.
Although these bonds are all reversible, borate in a dicom-
plex is thermodynamically stabilized in the binding site by
the proximity of adjacent hydroxyls available for binding
[42]. The stability of borate with the complex is therefore
proportional to the number of ligand hydroxyls available
for forming boroesters.

A molecular motif comprised of two or more cyclic
structures that share a single nucleus is termed a ‘spirane’.
When borate binds the 2'- and 3’-hydroxyls on separate
riboses, it forms a central point that participates in two
five membered rings (-O-C-C-O-[B)-O-C-C-O-] and is
termed a ‘borospirane’. Boron in a dicomplex of four co-
valent bond associations with the ligand in a unimolecular
borospirane motif has a much higher binding constant
than boron in two separate monocomplexes, each interact-
ing through two covalent bonds [25,42].

Because the pK, of the boroester complex is approx. 6
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[21], boron is predominantly (> 98%) in the anionic form
while it occupies a binding site, and indicates its presence
by retarding ligand migration in CE. However, bound
boron in the uncharged intermediate form does not retard
ligand migration, although it is still present in the binding
site. Therefore, CE may slightly underestimate boron
binding to the extent that bound boron is present in the
uncharged intermediate boric state instead of as anionic
borate. Because this limitation is shared by all methods
that employ electrostatics, the results obtained by CE
are comparable to other means of measuring boron bind-
ing such as pH monitoring. However, the present method
is more broadly applicable to analysis of biological sam-
ples than other methods because CE measures boron bind-
ing by each ligand and potential ligand independently.

Boron interactions with the nucleotide species examined
in this study appear to be exclusively through the cis-hy-
droxyls of the ribose moieties because only molecules with
both hydroxyls available exhibited increased migration
times in the presence of boron. Because ADN migration
was unaffected by even high concentrations of boron in
the running buffers, it is clear the adenine moiety of the
various species tested does not contribute to the observed
boron interaction. There were no boron dependent in-
creases in U7 of cAMP, 2’ AMP, or 3’ AMP, because either
the 2’- or the 3’-hydroxyl of ribose was already occupied
by a phosphoester in these species. The importance of the
adjacent cis-hydroxyl configuration is readily apparent
when examining ApsA-P migration in the presence of bo-
ron (Table 3). Periodate cleaves between the carbons of
vicinal cis-hydroxyls, thus disrupting the cis configuration
of the ribose binding sites while leaving the hydroxyls of
the 2’- and 3'-carbons intact. Without the cis configura-
tion, these uncoordinated hydroxyl residues do not bind
boron to a measurable extent.

Buffer selection is an important consideration when per-
forming boron binding studies. Tricine has been used in
previous capillary electrophoresis studies where boron was
applied to selectively separate cis-diol molecular species
from species that would otherwise comigrate [26]. How-
ever, the multiple hydroxyls in the molecular structure of
tricine makes it highly interactive with boron. When equi-
molar pH 8.4 solutions of boron and tricine are mixed, a
large pH shift is observed (data not shown), demonstrat-
ing that a tricine-borate complex has formed. On the other
hand, the glycyl-glycine buffer used in these studies does
not have proximal hydroxyl groups and did not show a
pH shift upon mixing with boron solutions.

4.2. Boron and local electrostatic charges

Boron binding by SAM was far greater than by other
monoadenosine species tested. This indicates that boron
binding by the 2'-3'-cis-diols of the ribose moiety of
SAM was electrostatically stabilized by the cationic sulfur
of the methionine and interaction with the terminal amino

and carboxyl groups on its methionine. The stabilizing
effect of proximal cationic moieties on boroester stability
was also evident when the migratory behaviors of NAD™
and NADH were compared in the presence of boron. The
anionic borate complex was electrostatically stabilized by
the cationic nitrogen of the nicotinamide of NAD™ (K
14.4 mM), a charge that was not present on NADH (Kq
26.4 mM). These data agree with observations reported
earlier [32] where an indirect method of measuring boron
binding was used to determine boron complex formation.
In that study the binding constant for boron-NAD™" was
reported to be 15 mM, a value in excellent agreement with
our observations.

4.3. Additive vs. cooperative boron binding by proximal
intramolecular ribose moieties

NAD™, NADH, and the Ap,A species all possess a pair
of ribose moieties held in close proximity, joined by 2-6
phosphodiesters. The higher boron affinity by the dinu-
cleotide species is partially due to the additive effects of
independent monocomplex binding by the two riboses
present on NAD™, NADH, and Ap,A species. Because
Ap,A species are essentially two monoadenosine mole-
cules joined through intervening phosphates, boron inter-
action with these two ribose moieties that is additive
should be reflected by boron binding that is approximately
twice that of the monoadenosines. Thus our data suggest
that boron binding by NAD*, NADH, Ap,;A, and Ap;A
is primarily additive because their %L-B at the various
boron concentrations are not greater than twice that of
the monoadenosines.

Boron binding by the ribose pair present on NADH,
e.g. 31 %L-B at 1:10, was less than would be expected
by additive effects of two monoadenosine riboses and is
actually equivalent to the binding by 5’ADP. This suggests
the neutral nicotinamide ribose has low boron affinity and
the observed boron binding was primarily to the adenosine
ribose. The increased boron binding by NAD™ (56 %L-B
at 1:10), is evidence of the effect of the cationic charge on
the nicotinamide nitrogen on boron binding by its associ-
ated ribose. However, the observed binding does not ex-
ceed that expected for two independent monoadenosine
ribose moieties, thus there apparently is no cooperative
boron binding between the riboses of NAD™.

The %L-B for Ap,A and Ap;A also indicate simple
additive boron binding occurring through two independ-
ent monocomplexes. However, for Ap,A with four or
more intervening phosphates, boron binding apparently
is cooperative, i.e., unimolecular dicomplex binding of
boron occurs between the vicinal cis-hydroxyls of the op-
posing ribose moieties. Boron binding by ApsA, ApsA
and ApgA appears enhanced, perhaps because formation
of a boron dicomplex between ribose moieties of these
species is more favorable. Computer modeling studies
(data not shown) indicate that riboses separated by 2-3
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phosphates cannot form an opposed dicomplex conforma-
tion with sufficient space for borate. However, members of
the Ap,A family with four or more phosphates can stabi-
lize bound boron through cooperative chelation in a di-
complex borospirane.

4.4. Hydrodynamics and base stacking effects

The effects of hydrodynamic diameter on molecular mi-
gration were apparent in several aspects of this study. For
instance, with a smaller hydrodynamic diameter and thus
reduced frictional drag, the effect of added anionic charge
on monoadenosine U7 was proportionately greater than
for the diadenosine species, which resulted in the higher
rate constant and higher maximal relative migration ob-
served for the monoadenosines. Similarly, the influence of
boron binding on the hydrodynamic diameter of the mol-
ecule may have effects on molecular migration that deserve
consideration.

Proton magnetic resonance spectroscopy of Ap,A per-
formed by Mayo and colleagues [37] indicates that adenine
stacking in Ap,A was close to 100% while adenine stack-
ing in higher » members of the Ap,A family progressively
decreased towards a plateau value of approx. 50%. Our
computer modeling studies of the Ap,A species (data not
shown) indicate that stacked adenine conformations pre-
vent proper coordination of the ribose moieties with bo-
ron. This finding explains why boron binding by Ap,A
and ApsA is additive instead of cooperative. Because the
stacked configuration is less prevalent in the higher order
members of the Ap,A family, the proximal riboses of these
species are increasingly available for dicomplex borospir-
ane formation. The borospirane dicomplex between ribo-
ses disturbs the stacked conformation and increases the
hydrodynamic diameter of the molecules. This increase
in hydrodynamic diameter will increase the frictional
drag on the molecule, diminishing the migration retarda-
tion effect. When this occurs, the increase in migration
time caused by the anionic charge of borate in the dicom-
plex would be diminished. Thus boron binding by these
molecules may actually be much greater than our data
indicate.

The base stacking behavior characteristic of Ap,A mol-
ecules may also occur in NAD' and NADH because the
relative migration times of NAD™, NADH, and the Ap,A
species follow a uniform trend line relative to their formal
molecular charge (see Fig. 2). Furthermore, the migration
times of Ap,A and NADH are very similar. If NADH was
in the extended molecular conformation instead of
stacked, the difference between its hydrodynamic diameter
and that of Ap,A should cause greater differences in their
migration times.

4.5. Summary

The search for the precise physiologic functions of bo-

ron requires detection, identification, and determination of
the relative affinities of boron ligands present in samples of
biological origin. To meet these objectives, we developed a
new CE method to detect and quantify boron binding by
biological ligands naturally present in animal cells. We
established that the SAM and Ap,A families of biomole-
cules are boron ligands. Although the physiological con-
sequences of boron binding with these molecular species
remain unexplored, these novel ligands bind boron with
higher affinities than NAD™, formerly recognized as the
highest affinity boron ligand present in animals. Our find-
ings indicate that bound boron is stabilized in cis-diol
binding sites by proximal cationic residues such as those
present in SAM and NAD™. Furthermore, ligands capable
of forming boron dicomplexes between cooperating uni-
molecular cis-diol binding sites such as ApsA, ApsA, and
ApsA have higher boron affinities than monocomplex li-
gands. Thus we suggest biomolecules with cationic resi-
dues proximal to borospirane binding sites would be ex-
pected to have even higher boron affinities than the species
tested in the current study. Our new CE technique will be
used to find other novel high affinity boron ligands among
candidates isolated from biological samples.
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